An electronic packaging technique using silicone-based conductive adhesives was applied to the fabrication of tactile sensor sheets using poly(vinylidene fluoride) (PVDF) films for artificial skin applications in robots and related equipment.
Introduction
Development of novel human-machine interfaces that combine softness (flexibility and stretchability) and intelligence will be a trend in the electronics packaging technology for robots and bio-sensing applications in the near future. [1] [2] [3] [4] [5] [6] For example, robots and related equipment that are designed to support people in a variety of living environments should be covered with soft materials like human skin in order to improve safety. In addition, the equipment needs to be given the capacity for sensing information from the environment. In a milestone project for realizing human-machine interfaces that combine softness and intelligence, the present authors [1, 2] are developing a novel artificial skin (tactile sensor system) containing a self-organized network of a large number of sensors and data processors for humanoid robots and related equipments. In order to develop such sensor systems, there are many problems to be solved including the realization of stretchable wires and interconnections, and the development of stretchable encapsulation techniques. In the present work, wiring and encapsulation techniques using silicone-based materials in order to realize super-flexible (bendy and stretchable) sensor systems are discussed.
Experimental Procedure
Flake-shaped A preliminary examination of their stretchability was performed by conducting tensile tests on the adhesive specimens embedded in silicone rubber, as shown in Fig.   1 . Figure 3 shows the variation in electrical resistance of specimens containing 65-85 wt o Ag particles during tensile tests at 8.33 pm s-1. Where the Ag particle content is above 75 wt o, the electrical conductivity is detectable until the elongation reaches above 150%. From the results shown in Figs. 2 and 3, adhesives containing 85 wt% Ag particles were adopted for fabricating the sensor system in the present work.
In addition, these preliminary tests suggest that the variation in the electrical resistance of the adhesives also depends on test speed (strain rate). Figure 4 shows the variation in electrical resistance of adhesive specimens containing 85 wt% Ag particles for tensile tests con- cles is influenced by the stress relaxation of the binder since it exhibits significant visco-elastic deformation even at ambient temperatures. For tensile tests conducted at a high strain rate, the magnitude of the stress relaxation becomes small. Therefore, the electrical resistance increases significantly at relatively low strain levels.
At the present stage of the research into stretchable conductive adhesives, there are two main challenges for realizing highly reliable sensor sheets. First of all, the material properties of the super-flexible conductive adhesives (e.g., particle size distribution of the filler, rheological properties of the paste, mechanical properties of the adhesive binder) must be considered in order to be able to form minute circuits with high reliability. The other challenge is the establishment of a method for evaluating the relationship between the mechanical deformation and the electrical properties. The tensile tests conducted in the present work are insufficient to precisely clarify this relationship. Furthermore, a fatigue test is needed to investigate the lifetime of the adhesive material. Because the fatigue behavior is also related to the relaxation behavior of the elastomer binder, the mechanical and electrical evaluations should take the relaxation behavior into account.
Fabrication of a prototype sensor system
Sensor sheets using PVDF films as the sensor materials were fabricated using by silicone-based adhesives for the wiring and interconnection. In order to protect the circuits formed on the silicone substrates, encapsulation using injection molding of a liquid silicone rubber was performed. Because fully-cured silicone substrates have a significant low surface energy, it is difficult to obtain high adhesive strength between the substrate and the coating layer. In fact, the adhesive strength between the silicone coating layer and the silicone substrate was insufficient. Therefore, the substrate was treated with a primer in order to improve adhesion. As a result, excellent adhesion, which induced cohesion fracture during a peel test, was achieved when an appropriate primer agent was used. After encapsulation, various surface treatments for the coating layer, such as anti-electrostatic treatment, can be applied as the occasion demands. When the sensor system is expanded to cover a large area, it is necessary to connect the sensors to distributed processors in order to cope with the very large increase in the numbers of channels.
[10] In the present work, an attempt was made to connect the sensor sheets in a selforganized network using flex connecters. By integrating the sensor sheets and the self-organized network, a large area sensor system was successfully fabricated, as shown in Fig. 7 . However, the tactile sensor sheets and the network were assembled separately in this case because the network components have not yet been integrated in a chip (Fig. 8) . Nevertheless, it is considered that the components can be integrated in this way.
Therefore, both the sensor devices and the network will be assembled into a system for realizing intelligent artificial skin in the near future.
[11] In addition, the reliability design of stretchable electronics systems will be one of the challenges in the field of electronics packaging for robots and related applications.
Summary
In the present work, a super-flexible (bendy and stretchable) tactile sensor system using piezoelectric PDVF films was fabricated. Silicone-based conductive adhesives containing 85 wt% Ag particles were employed for wiring and interconnection. The sensor sheet was perfectly encapsulated within the silicone rubber. The tactile sensor sheets were successfully connected to a self-organized network of distributed processors. In order to realize highly reliable electrical circuits, several challenges still remain in the material design of super-flexible conductive adhesives and in the methods for evaluating the reliability based on the mechanical and electrical properties. 
